We report on the infrared laser-induced photovoltaic effect of a heterostructure comprising a n-ZnO film with an electron concentration of 1.6 × 10 21 cm −3 and a MgB 2 film with a high carrier concentration of 1.8 × 10 23 cm −3 at room temperature. Current-voltage characteristics of the structures have good rectifying diode-like behaviour. An open-circuit photovoltage of 10 ns rise time and 20 ns full width at half-maximum was observed under the illumination of a 1.064 µm pulsed laser for a duration of 25 ps. When the junction was irradiated by a 10.6 µm CO 2 laser pulse for 60 ns, a transient photovoltaic signal of ∼27 mV occurred with a rise time of ∼60 ns. A possible mechanism of the observed phenomena is discussed based on the laser-induced hot carrier photovoltaic effect.
Introduction
Zinc oxide (ZnO), a II-VI semiconductor with a wide band gap of 3.37 eV and a large exciton binding energy of 60 meV [1, 2] , has been widely studied due to its intrinsic properties suitable for optoelectronic applications. Undoped ZnO usually shows n-type conduction due to the presence of zinc interstitials and oxygen vacancies; therefore, the acceptor carriers get compensated for easily. One of the big challenges for good ZnO-based optoelectronic devices is the difficulty of fabricating high quality p-ZnO films. Although many reports claimed realizations of p-type ZnO [3] [4] [5] [6] [7] [8] [9] [10] , highly reproductive p-ZnO films with excellent electronic properties are still absent. So, considerable studies on ZnObased optoelectronic devices were carried out by fabricating heterojunctions employing n-type ZnO with other p-type materials [11] [12] [13] .
Magnesium diboride (MgB 2 ) has generated a great deal of interest because of its simple structure and its relatively high critical temperature (T C ), which represents a new challenge for fundamental physics, material science and electrical engineering [14] [15] [16] [17] [18] . MgB 2 exhibits a metallic characteristic at room temperature with p-type carrier density as high as (1.7-2.8) × 10 23 holes cm −3 , and the lattice parameters are a = 3.089 Å and c = 3.524 Å [19] . For wurtzite ZnO, the lattice constants at room temperature determined by various experimental measurements and theoretical calculations mostly range from 3.2475 to 3.2501 Å for the a parameter and from 5.2042 to 5.2075 Å for the c parameter [10] . Thus the lattice mismatch between MgB 2 and ZnO is ∼5% for the (0 0 1) plane. Therefore, MgB 2 can be grown on the ZnO substrate [20] and is also suitable as a bufferlayer for the deposition of the ZnO film. For the ZnO-based Schottky diode, most of them are formed by depositing a metal layer on the ZnO thin film or the substrate, and more attention is paid to the ultra-violet characteristics. In this paper, we focus on the infrared (IR) photovoltaic effect of the functional heterojunctions consisting of metallic p-type MgB 2 and ntype ZnO.
Experimental details
A precursory MgB 2 film was first prepared on MgO (1 1 1) substrates by the chemical vapour deposition technique using a two-step method [21] . The n-ZnO layer was fabricated on the as-formed MgB 2 thin film by pulse laser deposition. A KrF excimer laser (wavelength: 248 nm, pulse width: 30 ns, energy density: 1 J cm −2 ), operating at a repetition rate of 4 Hz, was used to ablate a high pure (99.99%) ZnO target. In our experiment process, the ambient O 2 pressure is 1×10 −4 Pa and the substrate temperature is 450
• C. The crystalline phase and orientation of the samples were determined by x-ray diffraction (XRD) using Cu K α radiation. For the measurements of transport and photovoltage properties, indium (In) electrodes were placed on the surfaces of ZnO and MgB 2 , respectively. The IR laser pulse irradiated, respectively, to the junction from both the ZnO and the substrate sides vertically at room temperature, and the pulse response was monitored by a 500 MHz digital oscilloscope terminated at 50 . Figure 1 shows the XRD result of a typical n-ZnO (∼600 nm)/MgB 2 (∼600 nm) heterostructure grown on the MgO (1 1 1) substrate. The (0 0 l) peaks of MgB 2 and ZnO indicate that the film deposited on MgO is aligned with the c axis. The current-voltage (I -V ) characteristic of the nZnO/MgB 2 junction is shown in figure 2, measured by a pulsemodulated current source at room temperature. The leakage current in the reverse bias region is about 7 mA at −2 V and the ratio of forward and reverse currents reaches 10 in the applied voltage region from −2 to 2 V. The bottom insets of figure 2 show the temperature dependences of resistances for n-ZnO and MgB 2 single-layer films grown on MgO (1 1 1) characteristic at room temperature, we treat this junction as the Schottky junction composed of metallic MgB 2 and n-type ZnO (the carrier concentration of the ZnO film is −1.6×10 21 cm −3 ). The schematic band diagram of the n-ZnO/MgB 2 junction in the equilibrium state is presented in figure 3 , neglecting the effects of dipoles and interface states. The work functions of MgB 2 and ZnO are regarded as ∼5.95 eV and ∼5.0 eV, respectively [22, 23] . Moreover, it has been reported that the affinity of ZnO is about 4.2 eV [24] . Therefore, the barrier height of the metal side, which is determined by the difference between the work function of metal side and the affinity of nside, is considered as ∼1.75 eV. In addition, the barrier height located on the n-side is determined by the difference between two work functions, being ∼0.95 eV in our system. And this can be comparable to the threshold voltage which is about 1.0 V under the forward bias voltage, as shown in figure 2 .
Results and discussion
A typical voltage transient of an unbiased n-ZnO/MgB 2 junction under pulsed 1.064 µm laser irradiation of 25 ps duration is presented in figure 4 (a). The energy density is 1 mJ cm −2 and the irradiated area is 5 × 5 mm 2 . The photovoltaic signal had a 10-90% rise time of 10 ns and a full width at half-maximum (FWHM) of 20 ns. Figure 4(b) plots the peak photovoltage V P as a function of the energy density of the 1.064 µm laser, which exhibits a linear behaviour. Figure 5 shows the temporal response of the n-ZnO/MgB 2 junction to a 10.6 µm CO 2 laser pulse (energy density 10 mJ cm −2 , pulse width 60 ns) under the same experimental procedure as displayed in figure 4(a) . The peak photovoltage reaches ∼27 mV. The FWHM and 10-90% rise times are ∼60 ns and ∼50 ns, respectively, which are limited by the excitation laser. The decay portion and slight oscillation of the pulse response resulted from an impedance mismatching in the circuit.
It is known that the temperature gradient at the position of the laser spot in the transverse direction (perpendicular to the junction surface) can cause a photovoltage in this direction, which is called the thermoelectric effect or the Seebeck effect [25] . For the present junction, the MgO substrate and the MgB 2 thin film are transparent for the IR laser according to our absorption measurement. Furthermore, the transient peak voltage induced when the junction is irradiated through the MgO substrate is the same as that at the air/ZnO interface, and the signal polarity was not reversed. So the thermoelectric effect should be ruled out in the measured photovoltage of this work.
From the above results, we can obtain the origin causing the IR laser-induced voltage in this system. Our used light sources are the Nd : YAG and the CO 2 lasers with 1.064 µm (1.24 eV photon energy) and 10.6 µm emission (0.124 eV photon energy), respectively. Hence, the obtained photovoltaic phenomenon is different from the ordinary photovoltaic effect induced by the absorption of light quantum of energy hν E g to generate the electron-hole pair. However, it is possible to produce a photoinduced potential in semiconductor junctions with much lower energy photons hν E g [26] . We attribute this electrical response, having the same polarity as the ordinary photovoltaic effect, to the hot carrier generation effect [26] . Under irradiation by IR laser pulses with very high intensities (40 MW cm −2 for the Nd : YAG laser and 0.17 MW cm −2 for the CO 2 laser), the intraband free carrier absorption in the ZnO side generates a thermalized hot carrier plasma. Due to sufficiently high laser intensities, the carrier temperature can reach the levels for which an appreciable generation of electron-hole pairs occurs, originating from impact ionization processes in the hot plasma. The drift of minority carriers across the junction is the source of this observed effect. Eventually, the photovoltage occurs in the system with higher potential in MgB 2 and lower potential on the ZnO side.
Conclusions
In conclusion, the heterojunctions consisting of wide-bandgap n-ZnO and metallic MgB 2 were fabricated on MgO (1 1 1) substrates. The structures showed a diode I -V characteristic. Under the irradiation of IR pulsed lasers of 1.064 and 10.6 µm, the junction showed a transient photovoltaic signal with a response time of ∼60 ns. The possible origin of the observed results was the laser-induced hot carrier photovoltaic effect.
